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] now indicates that n-type PbSe may show good thermoelectric performance. In light of this work, we now re-examine the thermoelectric performance of n-type PbSe with a revised approximation (not available at the time of the original work) which improves band gap accuracy. We now find that n-type PbSe has large thermopowers characteristic of a high performance material, with values as high in magnitude as 250 lV/K at 1000 K and 300 lV/K at 800 K. We further find that optimal 1000 K n-type doping ranges are between 2 Â Although it was widely believed that the narrow gap semiconductor and potential thermoelectric PbSe had inferior thermoelectric performance relative to the better known PbTe, we recently completed a theoretical study 1 suggesting otherwise. Namely, we found that properly hole-doped PbSe could attain a figure-of-merit ZT (see Ref. 1 for a definition of this quantity) substantially above unity at high temperatures near 1000 K. Central to this conclusion was the theoretical finding of a heavy valence band some 0.35 eV below the valence band maximum, preventing the thermopower from experiencing "rollover" at high temperatures. This ZT prediction has now been essentially confirmed, with a ZT of 1.2 observed in Ref. 2.
In the previous study, the thermoelectric performance on n-type PbSe was also considered but found not to be as favorable due to relatively lighter bands that are more affected by bipolar conduction. This is quite significant for n-type, given the calculated band gap of 0.062 eV, but not for p-type which as mentioned has heavy bands. Very recently, new density functional theory approximations such as the modified Becke Johnson potential (mBJ), 4 ,5 which greatly improves band gap accuracy, have been implemented into available first principles codes such as WIEN2K. We have therefore revisited PbSe and now find, as a direct result of the larger calculated band gap of approximately 0.3 eV, that n-type PbSe can be a high performance thermoelectric, as was also found experimentally in Refs. 3, 6, and 7.
II. CALCULATIONS AND RESULTS
We present the calculated bandstructure using this WIEN2K (Ref. 8) potential in Figure 1 ; the electronic structure is very similar to that of the previous work (in which the generalized gradient approximation [GGA] of Perdew, Burke and Ernzerhof 9 was used) but the band gap, at 0.30 eV, is much closer to the experimental value. This will have a substantial impact on the n-type calculated thermopower, which was limited by bipolar conduction, and a smaller impact on the p-type thermopower, which was not limited by bipolar conduction.
The effects of the larger band gap are apparent in the calculated Seebeck coefficient (a key ingredient of any useful thermoelectric). Since there is evidence that the band gap of PbSe increases significantly with increasing temperature, and we are most interested in high temperature behavior, we have made a "scissors shift" in calculating the Seebeck, coefficient, fixing the band gap at 0.38 eV instead of the 0.30 eV value directly obtained from the electronic structure calculation. This is generally consistent with the results in Ref. 2 and was adopted because we found, when comparing with experimental data, that the calculated thermopower with an 0.30 eV gap overstates the effects of bipolar conduction. In this "scissors shift," the electronic structure is assumed to be identical, except for the modified gap. With this proviso, we have here repeated, with the revised band structure, our earlier first principles calculation of the Seebeck coefficient within the constant scattering time approximation (CSTA) via the Boltzmann transport code, BoltzTrap. 10 The CSTA has been found to give results sufficiently accurate [11] [12] [13] [14] [15] [16] [17] [18] to describe the thermopower of a large number of thermoelectric materials. Its chief assumption is that the scattering time of an electron or hole depends on temperature and doping, but not on its energy.
We depict in Figure 2 calculated thermopower results compared with the experimental data from the groups of Ren 3 and Kanatzidis. 19 Ren's group performed aluminum doping while Kanatzidis's group performed Chlorine doping. We note excellent agreement at all but the highest temperatures and dopings of Ren's data, where the experimental data show a "rollover," or decrease with increasing temperature where the theoretical results do not. It is possible that bipolar conduction is the reason for the rollover, but this is a bandstructure effect that might be expected to appear in the calculation as well. There are other possible reasons. example, one possibility is atomic diffusion which could affect the effective carrier concentration in nanostructured material and alter both the Seebeck coefficient and conductivity. Another possibility is that the carrier scattering time, assumed in the calculation to be the same for holes and electrons, is not, although the similarity of hole and electron mobility 20 argues against this possibility. We note also from Figure 2 that, relative to the 300 K thermopower data of Ren (diamonds), the 300 K Seebeck coefficient data of Androulakis is larger than would be expected on the basis of a simple parabolic band model, although there is no evidence of resonant enhancement in the Chlorine doped samples of Androulakis. This difference is attributable to the highly non-parabolic bands of PbSe (see Fig. 1 ), for which the Seebeck coefficient S more closely follows a p À1=3 relation, not p À2=3 as for parabolic bands. In Figure 3 , we present the calculated 800 and 1000 K thermopower, both for n-type and p-type, using the revised potential and band gap. For n-type, largest thermopower magnitudes of approximately 250 lV/K at 1000 K, and 300 lV/K at 800 K, are apparent. These values are higher than the 160 lV/K 1000 K maximum magnitude present in the GGA calculations of our earlier work and are the reason that, as observed in experiment, n-type PbSe can be a high performance thermoelectric material. For p-type, the maximum of the thermopower has moved to somewhat lower dopings and attains slightly higher maximum values than were found previously, leaving the conclusions for p-type unchanged. In general, as depicted in Figure 3 , the thermopowers are much more symmetric from p-type to n-type, buttressing the experimental observation that both n-type and p-type PbSe can be high performance thermoelectrics.
As would be expected, the changes in calculated thermopower will alter the doping level of optimum performance (where ZT is maximized). In general, the region of maximum thermopower will tend to determine the optimal ZT region, with two important caveats: the bipolar regime is avoided; and the Fermi level does not move significantly (relative to an energy scale set by the temperature) into the gap, which would cause the conductivity to be exponentially suppressed. For this small band gap semiconductor these conditions collapse to the simple criterion that one maintains a doping level, in Figure 2 , higher than that of the thermopower maximum. The other end of the optimal regime is less easy to specify as it depends sensitively on the exact behavior of the mobility at temperatures and dopings about which experimental information is not always available. In general, high performance thermoelectrics have thermopower, whose absolute value is between 200 and 300 lV/K at the relevant temperature. Using these criteria, we find that at 1000 K optimal electron doping is between 2 Â 10 19 cm À3 and 7 10 19 cm
À3
, while at 800 K the corresponding range is from 7 Â 10 18 to 4 Â 10 19 cm
. Note that two of the data sets of Ren portrayed in Figure 2 fall within these doping ranges, so that the largest additional increment in performance (i.e., ZT) will likely be found from strategies to reduce the lattice thermal conductivity, such as nanostructuring. For hole dopings, the optimal 1000 K regime is between 2 Â 10 19 cm À3 and 1.2 Â 10 20 cm
, while at 800 K, optimal doping is between 1 Â 10 19 cm À3 and 5 Â 10 19 cm À3 . To conclude, in this work, we have used a modified electronic structure calculation which improves band gaps and found, in accord with recent experimental results, that n-type PbSe can be a high performance thermoelectric material. We await the results of additional optimization work on this material.
